The intrusive process of the 2001 Mt. Etna eruption was accompanied by marked ground deformation and relevant seismic activity recorded between 12 and 17 of July (INGV-CT, 2001 ). At the same time, extensometer data evidenced the re-activation of a dry surface failure zone on the high south-eastern sector of Mt. Etna; this fracture system, formed in 1989, has been related to the propagation of a shallow blade-like dike along a NNE-SSW discontinuity (Bonaccorso and Davis, 1993; Bianco et al., 1998) . The NNW-SSE discontinuity represents a complex low cohesion structure in which deformation may concentrate. Displacement measurements recorded on the surface fracture and the constraints obtained from seismicity show that the intrusion phase of the 2001 eruption has forced the NNE-SSW structure to move continuously with prevalent left-lateral displacement from a depth of 2-2.5 km b. s. l. to the surface with a compositive slip of about 3-5 centimeters.
Introduction
In active volcanic areas, such as Mt. Etna, changes in the stress field induced by magma intrusion play a fundamental role in the dynamics of pre-existing local structural discontinuities (i.e. Ferrucci, 1995; Elsworth and Voight, 1995; Ukawa and Tsukahara, 1996; Bonaccorso and Patanè, 2001) .
The growth and dynamics of Mt. Etna is controlled by two main fault systems with NNW-SSE and NE-SW strikes (LoGiudice et al., 1982; Bonaccorso et al., 1996) (Fig. 1(A) ). The NNW-SSE system is a lithospheric discontinuity separating the continental African platform from the oceanic Ionian Basin and extends from Malta Island to the Tyrrhenian Sea. This system has its main tectonic surface evidences in the "Timpe" faults system and represents a preferential path for lateral eruptions of Mt. Etna (LoGiudice et al., 1982; .
The NE-SW fault system (Messina-Fiumefreddo line) extends from Southern Calabria and Straits of Messina to Mt. Etna (Monaco et al., 1997) .
Local seismicity is often characterized by swarms clustered along the two main structural trends (Bonaccorso et al., 1996; Gresta et al., 1998; ); Patanè et al. (1994) and Bonaccorso and Patanè (2001) have also evidenced how the action of intrusive episodes is able to dislocate pre-existing fault system structures on Mt. Etna, causing strong seismic releases.
In September 1989, an eruptive NE-SW trending fracture system affected the eastern flank, while a NNW-SSE "dry" fracture system (without eruptive fenomena) characterized the southern flank of Mt. Etna (Frazzetta and Lanzafame, Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-PUB.
1990; Bonaccorso and Davis, 1993) (Fig. 1(B) ).
During the successive years, the dry fractures have shown minor signs of re-activation Obrizzo et al., 1993) . In 1994, a network of rod strainmeters was installed to monitor the dynamics of the NNW-SSE fractures.
The 2001 eruption, occurring eight years after the preceding lateral eruption, has been characterized by a fast vertical dike emplacement that crossed the entire volcanic edifice below the summit craters area (INGV-CT, 2001 ).
Between 12-17 July 2001, the final phase of the eruptive dike intrusion was accompanied by a significant reactivation of the 1989 fracture and by a considerable seismicity distributed along a narrow NNW-SSE oriented band. This paper discusses one of the few examples of applying the rod strainmeter measurement technique to volcanic areas; by integrating surface displacement measurements and the constraints deduced by seismicity, the paper evidences that the 2001 intrusion process has forced a continuous dynamic response of a pre-existing NNE-SSW structure on the high south-eastern flank of Mt. Etna.
The 1989 Fracture
On September 11, 1989, after four months of strombolian activity at the summit craters, effusive activity began on Mt. Etna and lasted about a month.
The 1989 eruption of Mt. Etna was characterized by the formation of two fracture systems, striking NE-SW and NNW-SSE, and both starting from the SE Crater on September, 24 (Frazzetta and Lanzafame, 1990) .
While the NE-SW fractures were followed by effusive activity, the NNW-SSE fracture opened for a length of 7 km without eruptive phenomena. However, an increase of the CO 2 flux was recorded on the fracture field. Between September 27 and October 3, the fracture system propagated until it reached and cut the SP 92 provincial road (Zafferana- Rifugio Sapienza), near the 1792 effusive mouth, and continued southward for another 700 m (Fig. 2) . The southern branch of the NNW-SSE fracture system falls within a geodimeter trilateration network (South EDM Network) measured annually since 1987 (Bonaccorso et al., 1995) . During the 1989 eruption, variations of tens of centimeters (Bonaccorso et al., 1990) were measured on the network lines directly regarding the fracture (see EDM geodetic points in Fig. 2) .
The formation of the 1989 "dry" fracture was interpreted either as the effect of a tensile surface dislocation (depth = 1 km) (Bonaccorso and Davis, 1993) caused by the intrusion of a dike, or as the result of a deeper magmatic injection (Ferrucci et al., 1993) . Bianco et al. (1998) interpreted this fracture as the surface expression of a blade-like dike 1.0-1.5 km depth.
Del Negro and Ferrucci (1998) demonstrated that the magnetic anomalies recorded across the fracture between 1989 and 1992 were compatible with a shallow dike intrusion and its successive cooling. The 1989 fracture represents a discontinuity that, during the 1991-93 eruption and afterwards, showed signs of activity. In fact during the 1991-93 eruption, repeated measurements of the EDM lines revealed clear deformations of the area. In the same period, gravity data variations were also recorded (Budetta et al., 1993; Budetta et al., 1994) .
Precise levelling discrete measurements (yearly) revealed, between 1990 and 1998, a subsidence along the line crossing the fracture of some millimeters/year (Obrizzo et al., 1993; Obrizzo, 1998; Obrizzo, 2000) . A network of rod extensometers was installed in 1994 with a configuration of 4 instruments located on the fracture sector above the provincial road SP 92 (Fig. 2) .
Extensometers
Wire and rod extensometers are common instruments developed to continuously monitor ground displacements such as landslides or dams. They are also employed to monitor active fault creep (creepmeters). In particular, as concerns the direct measurement of creep movement along the fault, this is a strain measurement method that has been applied for decades along segments of the San Andreas Fault in Central California (Bilham, 1989; Bilham and Whitehead, 1997) and also in other areas (Lee et al., 2000) .
Displacement meters have also been used in volcanic areas to continuously monitor crack movements (e.g. the crater floor at Mt. St. Helens; Iwatsubo et al., 1992) .
In 1994, two clusters of extensometers, each composed of 4 three-directional rod-type instruments, were set up on the 1989 fracture and on some sectors of the PernicanaProvenzana active fault on the NNE flank of the volcano (Fig. 2) , which is also characterized by creep dynamics (Azzaro, 1997) . In particular, the 1989 fracture sensors are situated at heights between 1680 (EE4) and 1730 m a. s. l. (EE1) covering a 250 m stretch of the fracture, which is characterized by a "narrow graben-like" structure limited by two main normal faults (only 9 meters apart at the SP 92 road) (Frazzetta and Lanzafame, 1990) . The western discontinuity (F-1 in Fig. 2 (A)), on which the network is focussed, has shown, during the 1989 crises, higher displacement and, in particular, some tens of centimeters of opening and about 10 cm of throw (Frazzetta and Lanzafame, 1990) .
Instrument and sensor
The rod-type extensometer ( Fig. 3 ) comprises 2 coaxial cylindrical steel bars of variable length, having a longitudinal travel of 500 mm, anchored on two swiveling pivots.
The rods are free to move both horizontally and vertically, thus recording the component with respect to strike and subsidence.
Regarding the electronics, the instrument comprises three resistance potentiometers, with virtually infinity resolution, electrically isolated, waterproof housed in an anchorage (Fig. 3) . Data acquisition is centralized in a shelter equipped with solar panels and a radio system capable of sending data via radio-link to Catania. The control datalogger is programmed for 24-data/day sampling and includes each of the linear and rotary components, air temperature, and battery converter voltages. Unfortunately, between 1995 and 1999, monitoring activity was neglected due to technical difficulties. During 2000, a phase of check and maintenance of the two networks enabled having 3 stations in acquisition (EE1, EE2 and EE4).
Tests carried out in the laboratory and on site have revealed the good response (precision = 0.02 mm) of the linear sensors to precise variations in the length of the bar, whereas they have detected a very low precision (3-10 mm) of the rotating sensors.
Data of rotary sensors are capable of detecting only large variations and an improvement in the quality of these data by substituting the sensors with other more stable and precise ones is foreseen in the future.
Thermal effects
Because instruments are installed on the surface, they are affected by noise induced by the changes in daily and seasonal temperatures (Lee et al., 2000) .
Thermal variations in distance measurements (linear sensors) are mainly induced by contraction and expansion phenomena of the rods, while both the temperature effects on the electrical components of the instrumentation, as well as the thermoelastic effects on the surrounding rocks are negligible (around 10 −3 mm) (Harrison and Herbst, 1977) . The stations constituting the F-1 network of Fig. 2(A) on the fracture are directly exposed to the sun. The variations in distance recorded are characterized by daily fluctuations of around 1.5 mm; the same instruments positioned in woody areas (on the Pernicana fault Fig. 2(B) ) show less variations (0.5 mm) (Fig. 4) .
In general, the daily temperature oscillations do not represent a significant aspect with regard to understanding the general trend of the signal and are therefore removed by filtering the original data. Figure 5 (a) reports the trend of the distance filtered through a 36 hour mobile average (1 hour sliding). The higher amplitudes of the signal are relatively well correlated with the temperature variations (Fig. 5(b) ). mm/ • C (±0.03) for EE2 distance measurements. Estimated standard error of distances with temperature is 0.23 mm for EE1 and 0.37 mm for EE2.
The expected noise due to thermic effects has been subtracted from the signals obtaining a clear reduction of the fluctuations (Fig. 5(c) ). Billi et al., 2003) .
The 2001 Mt. Etna flank eruption was characterized by a fast upward propagation dike intrusion along a north-south direction. Bonaccorso et al. (2002) modeled the marked ground deformation measured on tilt and GPS permanent networks, obtaining a tensile crack source 2 km a. s. l. with an opening of 3 meters. The eruption modalities are different from the 1989 and 1991-93 eruptions, in which the dikes propagated from the craters area to southward, usually along preferential directions (NNW-SSE) .
The final phases of the 2001 dike intrusion (13-17 of July) were accompanied both by pre-eruptive fracturing (the Cisternazza graben) at 2400-2700 m a. s. l. and by a dynamic response of the 1989 fissure observed by Lanzafame et al. (2003) . Data from extensometers and seismic networks were the only that may detect the reactivation of this preexisting structure; in fact the marked variations caused by dike propagation on tilt (tens of microradians), EDM and GPS networks (tens of centimeters) (Bonaccorso et al., 2002) precluded the possibility to reveal, on these devices, the minor effects related to the NNW-SSE structure strike movement.
From 01:00 GMT 13 July, strainmeters began recording variations (Fig. 6) indicating the reactivation of the fracture, which stopped on 17 July in coincidence with the aperture of the eruptive fractures at 2100 m a. s. l. (Fig. 1) . The linear sensor at EE1 station measured 1.5 mm and at EE2 station 4.0 mm of total opening. Strike and dip components, even if characterized by low precision, measured displacements up to some centimeters particularly in the first 24 hours (Fig. 7) . In particular, strike components recorded about 4.5 cm (±0.5) at EE1 and 3.0 cm (±1.0) at EE2 of left lateral slip; while the dip component measured a smaller variation (up to 1 cm). Unfortunately technical problems caused the lack of data at EE4 station.
Seismicity and Its Relationships with the Surface Displacement
The intrusive phase and the opening of the eruptive fractures of the 2001 Mt. Etna eruption were accompanied by an important seismic activity recorded on 12-17 of July (INGV-CT, 2001; Patanè et al., 2003) .
Locations and seismic strain release
The INGV local permanent seismic network detected, over five days, a total of 2645 M d > 1.0 earthquakes, 62 with M d ≥ 3.0, the maximum magnitude being 3.9.
The network comprises 52 short-period stations (44 are equipped with vertical geophones and 8 with three-component geophones (2 of which with broad-band high-dynamic sen- sors). Figure 8 reports the location of about 350 events with M d ≥ 2.0. The locations were obtained using HYPOEL-LIPSE code (Lahr, 1989) , which takes into account the difference in altitude of the seismic stations with a 1D velocity model derived from Hirn et al. (1991) . The accuracy of locations ranges between 0.2 and 1 km for the epicentral coordinates, and between 0.3 and 1.4 km for the focal depth (Patanè et al., 2003) . Seismicity has affected the southern sector of Mt. Etna and is clustered in two precise areas (A and B in Fig. 8 ). The main seismic cluster (A) corresponds to the location of the eruptive fractures and the dike modeled with deformation data (Bonaccorso et al., 2002) .
The remaining seismicity is the result of the activation of pre-existent local structural discontinuities caused by the stress changes induced by the 2001 dike intrusion (Patanè et al., 2003) . In particular, sparse and strong (with M max = 3.9) earthquakes have affected the SW flank, while the seismicity of SE flank is mainly clustered in close proximity to the southern sector of the 1989 fracture (B cluster in Fig. 8 ).
The B cluster has been analyzed in detail; it consists of 90 located events recorded from 12 to 17 July and characterized by magnitudes ranging between 2.0 and 3.5 (13 events with M d > 3.0). The oriented profile (Fig. 9) indicates that this seismicity is approximately distributed along a narrow band, striking about NNW-SSE, dip 70-80 E, with an extension of 3-4 km length and 4 km width (about 15 km 2 ), which is concentrated east of the 1989 fracture on the surface.
The seismic strain release, calculated on the 90 events of the cluster B, as √ E with the following relationship (Richter, 1958) :
log E = 9.9 + 1.
( 1) shows that about 75% of strain was released before July 15; the cumulative strain release recorded over the period 9-20 of July is reported in Fig. 6 .
Focal mechanisms and source parameters
A FPS analysis (Fig. 9 ) was performed to investigate the mechanisms of the B cluster seismicity. The FPFIT algorithm (Reasenberg and Oppenheimer, 1985) has been used to plot first-motion data and evaluate nodal planes for 12 of the more energetic events (M d ≥ 2.6).
The significance of FPS is correlated to hypocentral location parameters, distribution of polarity on the focal sphere and knowledge of the medium velocity.
Location parameters of the selected events (Table 1) show horizontal and vertical errors ≤ 0.5 km, RMS ≤ 0.20 s and azimuthal gap < 100; the adopted Hirn's velocity model has shown the best results in Mt. Etna FPS studies with respect to other models .
The data-set comprises all the events with depth ≥ 0.8 km a. s. l., number of P-onsets > 12, focal plane incertitude < 20
• and unique solution. For these earthquakes, a test has been made to verify the solution consistence by changing the depth inside the location errors (Fig. 9) .
Focal solutions generally show left lateral strike-slip mechanisms along a plane ranging from NNW-SSE to NNE-SSW with sub-vertical dip; different hypocentral depths involve no substantial changes in focal solutions.
An estimate of the whole seismic moment release (Mo tot = 8.5 · 10 22 dyne-cm) associated with B cluster was obtained using the empirical law (Patanè et al., 1995; Bonaccorso et al., 1996) : relating the magnitude to the seismic moment on Mt. Etna area. Assuming a medium rigidity (μ) of 10 11 dyne-cm (Bonaccorso and ) and a discontinuity surface of about 15 km 2 , it was possible to determine an average slipū of about 5.5 cm using the general relation (Aki, 1966) :
Discussion and Conclusions
A non-eruptive fracture formed in 1989, on the south flank of Mt. Etna, as a surface effect of a dike intrusion (Bonaccorso and Davis, 1993; Bianco et al., 1998; Del Negro and Ferrucci, 1998) .
This discontinuity has successively showed signs of activity; in particular, during the 1991-93 eruption repeated measurements of EDM lines revealed clear deformations of the 1989 fracture area that has interpreted as a response to possible magma injection at surface levels.
The 2001 Mt. Etna flank eruption was characterized by a fast upward propagation dike intrusion along a northsouth direction, accompanied by an important seismic activity recorded on 12-17 of July (Bonaccorso et al., 2002; Patanè et al., 2003) .
The 2001 eruption was different from the 1989 and 1991-93 ones, in which the dikes propagated from the craters area southward, usually along preferential directions (NNW-SSE) ).
Extensometers showed no variations from their re-installation (May 2000) up to July 2001, while they evidenced clear changes during the final phases of the 2001 dike intrusion (13-17 of July).
Several authors have described intrusion-related activity of surface discontinuities through direct measurements of displacement or geodetic surveys (e.g. Dvorak et al., 1986; Rubin and Pollard, 1988 ); this paper probably described the first example of a dry fracture continuous dynamic detecting.
Moreover, about 25% of overall seismic released strain of the 2001 eruption is correlated to the earthquakes located along a narrow band oriented about NNW-SSE, dip 70-80 E, whose extension on the surface is near the southern sector of 1989 fracture.
Extensometer data and seismicity have shown a continuous dynamic of the NNE-SSW structure between 12 and 17 July. Displacement measurements, focal mechanisms, and source parameters indicate a left lateral strike-slip mechanism with a total displacement of 3-4.5 cm measured on the surface and 5.5 cm estimated for the entire structure (depth of 2-2.5 km b. s. l.) by seismicity. A close time relationship between seismicity and surface dynamics has also been evidenced by the coherence of cumulative seismic strain release and displacements trend in Fig. 6 .
Data from extensometers and seismic networks were the only ones that may detect the reactivation of NNW-SSE structure; in fact, the marked variations caused by dike propagation on tilt (up to some tens of microradians), GPS and EDM networks (tens of centimeters in slope distances) Fig. 9 . A) Cross-section of X-X' line in Fig. 8 . B) Focal mechanism of the 12 events indicated with black diamonds. For each earthquake the focal solutions obtained by changing hypocentral depth inside location errors have been reported. (Bonaccorso et al., 2002) precluded the possibility to reveal, on these devices, the minor effects related to the NNW-SSE structure strike movement. Changes of 1.8 μrad for the nearest tilt station (CDV in Fig. 2 , Table 2 ) that recorded about 80 μrad and 1.9 cm for the CS3-CS4 EDM line ( Fig. 2 and Table 2 ) that recorded 10.4 cm, are the highest tilt and slope distance variations obtained for a tabular dislocation model located at the southern sector of 1989 fracture, with 4 km depth, 3.5 length with and 5 cm of left strike displacement (Okada, 1985) . The dynamic response seems due to the changes in local stress field caused by the dike intrusion rather than a secondary magma intrusion along the NNW-SSE structure (Fig. 8) .
Generally, magma intrusion is accompanied by different types of focal mechanisms (sometimes at short distances from each other), as observed for example at Hawaii (Thurber and Gripp, 1988) and at Mt. Usu (Matsumura et al., 1991) . This is also the case for the intrusive volume (cluster A in Fig. 8 , Patanè et al., 2003) .
Instead, a remarkable coherence was found in focal solutions of the main events of B cluster (Fig. 9) that showed left lateral strike-slip mechanisms along a plane ranging from NNW-SSE to NNE-SSW with sub-vertical dip.
Absence of magma in NNE-SSE structure is in agreement with ground deformation results (Bonaccorso et al., 2002) that evidenced a unique stress source, also well supported by the axy-symmetric orientation of P-axes for the two "peripheral" (east and west of the main cluster) seismic volumes (Patanè et al., 2003) . Patanè et al. (2003) has suggested that the earthquakes spreading as far as 6 km east and west of the main seismic cluster have been caused by stress transfer induced by the jerky dike inflation; the results obtained in this paper specify that during the 2001 eruption, the NNE-SSW discontinuity on the high south-eastern sector has represented the main structure of strain release induced by the upward dike intrusion.
Finally this paper confirms that the NNE-SSW disconti- Table 2 . Expected deformation changes for a tabular dislocation model (Okada, 1985) located in correspondence of the southern sector of 1989 fracture, with 4 km depth, 3.5 length and 5 cm of left strike displacement at the EDM lines (R. Velardita and B. Puglusi, pers. comm.) and tilt station ( nuity surface evidence (the 1989 fracture) play an important role when new stress critical conditions are reached and appears dynamically to be linked to volcanic activity of the last years.
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